Simple analytical expressions are obtained for the escape factor for low-energy electrons in an atomic plasma at intermediate and high values of the reduced electric field in the near-cathode region, when the dominating electron energy losses are due to inelastic collisions of electrons with atoms. An approximate account of the reflection of electrons by the cathode surface is introduced. Calculated escape factors are in reasonable agreement with the results of the Monte Carlo simulations available in the literature. When applied to cathodes of high-pressure arc discharges, the obtained results indicate that the escape factor is close to unity in cases where the near-cathode space-charge sheath is collision-free or moderately collisional. If the sheath is collision-dominated, the escape factor may be different from unity; for example, this is the case under conditions of a 100 bar mercury plasma of a mercury arc lamp.
Introduction
An appropriate boundary condition describing electron balance on the surface of an emitting cathode is of fundamental importance to the fluid modelling of gas discharges. In general, this balance is expressed by the equation
where J em is the density of electron emission flux (J em = j em /e, where j em is the density of electron emission current), J − e is the density of flux of backscattered electrons and J e is the value of the density of the net electron flux at the cathode surface.
Note that J e , the flux of backscattered electrons (i.e. of emitted electrons which have returned to the cathode surface after one or several collisions in the plasma), is normally negligible in low-pressure discharges but may be quite significant at high pressures. Relating J − e to values at the cathode surface of hydrodynamics variables characterizing the electron fluid, such as J e and n e the number density of electrons at the cathode surface, one obtains the desired boundary condition relating J e and/or n e to J em . If velocity of the diffusion motion of the electron fluid in the immediate vicinity of the cathode surface is much smaller than the drift velocity V e , then n e may be expressed as n e = J e /V e ; the − e = n eCe /4, whereC e is the mean velocity of the emitted electrons. Substituting this expression into equation (1) and setting n e = J e /V e , one arrives at
This is the so-called Thomson-Loeb formula, which has been widely used in fluid modelling of gas discharges (e.g. [1] and references therein). Unfortunately, this formula, while being quite simple, can hardly be considered theoretically justified, and it is unclear what its accuracy is. Also available are evaluations of the escape factor, in different ranges of the reduced electric field, on the basis of solution of the kinetic equation for the isotropic part of the electron distribution function (EDF) [2] [3] [4] [5] [6] , with the use of diffusion approximation [7] and by means of Monte Carlo simulations [8, 9] . Note that approaches [5, 6] are based on using approximations similar to the Thomson-Loeb formula for a formulation of a boundary condition for the isotropic part of the distribution function at the cathode surface. A comparison of results for the escape factor given by the Thomson-Loeb formula and the results [5, 6] shows that all of them are essentially different; see below.
The present work is aimed at finding the escape factor in atomic plasmas in cases where the average energy with which an electron is emitted is much smaller than thresholds of inelastic processes. This topic is of considerable importance for calculation of interaction of thermionic cathodes with highpressure arc plasmas in devices such as, for example, highpressure mercury discharge lamps. The average energy with which an electron is thermionically emitted corresponds to the surface temperature of the cathode and does not exceed approximately 0.3 eV, thus being typically much smaller than thresholds of inelastic processes (e.g. the excitation potential of mercury atoms is about 5 eV). The two most important physical processes governing the escape factor, namely a transition of the EDF to an isotropic one and losses of electron energy in collisions with heavy particles, are separated in space in this case. In other words, the electron distribution becomes close to isotropic one on a length scale much smaller than that on which losses of electron energy come into play. This spatial separation allows one to considerably simplify the theory.
The approach

Statement of the problem
Let us consider a weakly ionized high-pressure atomic plasma near an emitting cathode. The phenomenon to be studied is a relaxation of electron distribution from one governed by the emission law (at the cathode surface) to a distribution which is in equilibrium with the electric field (at large distances from the surface). The length scale on which this relaxation occurs coincides in a general case with λ u , the length of energy transfer in elastic electron-atom collisions. (Note that λ u = (M/2m) 1/2 λ e , where λ e is the mean free path of emitted electrons and m and M are the masses of electrons and atoms, respectively.) In this work, a situation will be considered in which this scale is considerably smaller than length scales of variation of n, the number density of atoms, and of T , the atomic temperature, so n will be treated as spatially uniform and T will be treated as spatially uniform and coinciding with the temperature of the cathode surface. The electric field (which is directed towards the cathode surface) will also be treated as spatially uniform; conditions under which this simplification is justified are discussed at the end of section 3.
It will be assumed that the electron emission from the cathode surface is isotropic and that the energy distribution ϕ = ϕ(ε) of emission flux is known. (Here ε is the kinetic energy of electrons and ϕ(ε) is the density of emission flux per unit energy interval, i.e. ϕ(ε) dε is the number of electrons with kinetic energies in the range (ε, ε + dε) emitted by unit area of the surface per unit time.) The density of the total flux of emitted electrons, J em , is related to ϕ(ε) by the formula
The average energy ε 0 with which an electron is emitted is assumed to be comparable to kT and much smaller than the energy of excitation of atoms, ε ex . The aim of the work is to determine the escape factor as a function of input parameters, in particular, of the modulus E of the electric field.
Calculation approach
Physics of the relaxation process is essentially different in different ranges of electric field values. In the range E = O(ε 0 /eλ e ) (electric fields of the order of ε 0 /eλ e ), the distribution of electrons moving from the cathode is different from the distribution of electrons returning to the cathode, i.e. the EDF in the vicinity of the cathode surface is anisotropic. This anisotropy is localized in a layer of the thickness of the order of λ e adjacent to the cathode surface (the Knudsen layer); the electron distribution is close to an isotropic one beyond this layer. Note that the electron energy in the Knudsen layer is of the order of ε 0 and is, therefore, far below the threshold of inelastic processes. Hence, inelastic losses of electron energy in the Knudsen layer are negligible, as are also losses of electron energy in elastic electron-atom collisions. f es is of the order unity.
In the range E ε 0 /eλ e , nearly all emitted electrons are swept away by the electric field from the cathode surface into the plasma and f es ≈ 1.
At E ε 0 /eλ e , nearly all emitted electrons return to the cathode surface with nearly the same kinetic energy with which they have been emitted after having suffered one or several elastic collisions in the plasma. The electron distribution is to a first approximation isotropic in the whole near-cathode plasma region right up to the cathode surface. The flux of returning electrons nearly equals the flux of emitted electrons and f es 1. The aim of this work is to find an approximation for the escape factor in the range E = O(ε 0 /eλ e ), in which the escape factor is of the order of unity. Let us consider the function f es (θ ), where θ = eEλ e /ε 0 is the ratio of the work of the electric field over the electron mean free path to the average energy ε 0 with which an electron is emitted. As discussed above,
and f es takes intermediate values between zero and unity at θ of the order of unity. Suppose now that one has found asymptotic behaviour of the function f es (θ ) at small θ . Let us assume, for definiteness, that the escape factor is proportional to E in this range, and hence this asymptotic behaviour has the form f es ≈ Aθ, where A is a known (positive) coefficient. Let us try to approximate f es (θ ) by the simplest rational function which is a ratio of two linear functions:
where B, D, F and G are constant coefficients. In order that this approximation conform to the asymptotic behaviour equation (5), one should set B = 0, D/F = A and D/G = 1, and equation (6) should take the form
Equation (7) represents a rational interpolation between asymptotic behaviours at small and large θ . We stress a relation between this approximation and Padé approximants (e.g. [10] and references therein). Such asymptotic interpolations are normally rather accurate, and one can hope that equation (7) would provide a good accuracy at all θ , especially if θ is the only parameter governing f es . Note that equation (7) may be transformed to a form similar to that of the Thomson-Loeb formula (3) with 1/Aθ appearing in place ofC e /4V e . However, the two equations are based on different reasonings and have essentially different meanings: while the Thomson-Loeb formula (3) is based on an unjustified physical assumption (the flux of backscattered electrons is set equal to the chaotic flux), equation (7) is obtained by means of a mathematical tool which usually provides rather accurate results (the asymptotic interpolation). The results given by the two equations are also essentially different, as is discussed below.
In order to find the coefficient A involved in equation (7), one needs to divide the whole range E ε 0 /eλ e into smaller ranges in which different physical mechanisms are dominating and find an expression for the escape factor in that range which is immediately below the range E = O(ε 0 /eλ e ) (for brevity, this range will be termed in the following as the range of intermediate electric fields).
The hierarchy of ranges of E in which different physical mechanisms are dominating is established in the appendix. It is found that this hierarchy is governed by the parameter
, which is typically of the order of unity for gases of light atoms with high excitation energy like He and large for gases of heavy atoms with low excitation energy like Hg. The range of intermediate electric fields is identified as ε 0 /eλ u E ε 0 /eλ e in the case ρ = O(1) and ε ex /eλ u E ε 0 /eλ e in the case ρ 1. Given that the electron distribution is nearly isotropic at E ε 0 /eλ e as discussed in the beginning of this section, finding the escape factor at intermediate electric fields amounts to a solution of the equation describing the isotropic part of the EDF. If ρ 1, this equation should be solved with account of electron energy losses only in inelastic electronatom collisions. Such a solution is deduced in the next section. The results obtained are employed for evaluation of the escape factor with the use of the interpolation formula (7) in section 4.1.
Note that in the case ρ = O(1) the equation describing the isotropic part of the EDF should be solved with account of electron energy losses only in elastic collisions. Such a solution was obtained and the escape factor calculated in the work [4] ; see discussion in the appendix.
Solving equation for the isotropic part of the EDF
In this section, the kinetic equation for the isotropic part of EDF in atomic gases for which ρ 1 will be solved in the range of intermediate electric fields, ε ex /eλ u E ε 0 /eλ e . The kinetic equation for the isotropic part f 0 of EDF in a weakly ionized steady-state atomic plasma (e.g. [11, chapters VII and VIII]) may be written in the form 16π mM
Here z-axis is directed normally from the cathode surface into the plasma (z = 0 at the surface), and the term S in describes the change of EDF in inelastic electron-atom collisions. Note that the effect of electron-electron collisions is neglected (conditions under which this simplification is justified are discussed at the end of this section); f 0 is related to n e , the electron number density, and J e , the number density of electron flux, by the formulae
A solution to equation (8) is sought on the length scale λ ex = ε ex /eE, on which a formation of the EDF on inelastic collisions occurs. Taking into account that λ ex λ u in the range of intermediate electric fields being considered, ε ex /eλ u E ε 0 /eλ e , one can see that the first term in the first pair of square brackets on the right-hand side of equation (8), which describes the electron-atom energy exchange in elastic collisions, is much smaller than the second term and may be neglected.
The term S in in equation (8) equals zero in the range ε < ε ex . A simple approach to account for the effect of inelastic collisions in the range ε ε ex is to assume that there are no electrons, f 0 ≡ 0, in this range-the so-called 'black wall' approximation. This approximation is justified if
where the ratio Q ex /Q m of excitation and transport cross sections is evaluated at the electron energy slightly (by 10-20%) exceeding ε ex (e.g. [12] ). Equation (11) (11) is satisfied. In the framework of the 'black wall' approximation, equation (8) with S in = 0 is solved for f 0 = f 0 (z, ε) in the range ε < ε ex with the following boundary condition at ε = ε ex :
In principle, one should formulate also a boundary condition at ε = 0, accounting for the appearance in the low-energy part of the spectrum of electrons which have just lost their energy in excitation acts. However, this boundary condition is unnecessary for the purposes of this work. It will be assumed that all electrons are emitted with energies below the excitation potential ε ex , i.e. ϕ(ε) ≡ 0 at ε > ε ex . Then infinity in the upper limit in the integral in equation (4) should be replaced by ε ex . Note that the same applies to integrals in equations (9) and (10) .
In the range of intermediate electric fields being considered, ε ex /eλ u E ε 0 /eλ e , nearly all emitted electrons return to the cathode surface with nearly the same kinetic energy with which they have been emitted. Hence, the energy distribution ϕ(ε) describes not only electrons just emitted from the cathode, but also those returning to the cathode. In order to establish a relation between ϕ(ε) and f 0 (0, ε), it is sufficient to note that the flux density of electrons moving in the direction from the cathode and having kinetic energies in the range (ε, ε + dε) equals 2πεm −2 f (z, ε)dε, which can be verified by multiplying f (z, ε) by z-component of the electron velocity and integrating over angles in the velocity space. It follows that
This is a boundary condition for the function f 0 (z, ε) at z = 0, i.e. at the cathode surface. It is convenient to introduce new independent variables, the distance from the cathode surface z and the total electron energy w = ε − eEz. The integration domain, which used to be {z
Equation (8), modified as described above, assumes the form
Integration of this equation over z gives
where C(w) is an arbitrary function of w. Solving equation (15) for ∂f 0 /∂z and integrating over z with account of the boundary condition (12) (which applies at z = (ε ex − w)/eE), one obtains
Substituting this solution into boundary condition (13) (which applies at z = 0, 0 w ε ex ), one finds the function C(w) in the range 0 w ε ex :
Expression for the electron flux density, equation (10), reads in terms of variables z and w:
Given that J e is independent of z, it is legitimate to evaluate the integral at any z 0. In particular, one can set at z = 0 and make use of equation (17) . Finally, one can find the escape factor f es in the limit case of intermediate electric fields, which will be designated by χ:
Equation (19) allows one to calculate the escape factor in the limit case of intermediate electric field in terms of the reduced electric field E/n, the normalized energy distribution of emission flux, ϕ(w)/J em , and transport cross section Q m (ε). It should be emphasized that the dependence of χ on the (reduced) electric field is linear, which conforms to the assumption made in section 2.2. As far as the energy distribution of emission flux is concerned, in the following we will deal with two examples. As the first example, let us consider the case where the emitted electrons represent a monoenergetic swarm, i.e. all electrons are emitted with the same energy ε 0 (which is below ε ex , ε 0 < ε ex ): ϕ(ε) = J em δ(ε − ε 0 ), where δ is the delta function. Equation (19) assumes the form
As the second example, let us consider the case of thermionic emission. The distribution of emitted electrons is in this case the Maxwellian function with the cathode surface temperature T and
Since kT ε ex , the number of electrons emitted with energies ε > ε ex is negligibly small. Therefore, it is legitimate (and consistent with the above) to replace this function with the one truncated at ε = ε ex :
Substitution of (22) into (19) gives
where p = nkT is the plasma pressure. In order to qualitatively illustrate the effect of dependence of the transport cross section on the electron energy, we consider the case of a power-like dependence, Q m (ε) = aε ν , where ν is a given parameter. The integrals in equations (20) and (23) may be evaluated analytically in this case. In particular, substituting this dependence into equation (23) and making use of inequality kT ε ex , one finds the following expression for the escape factor for thermionic emission in the range of intermediate electric fields, ε ex /eλ u E ε 0 /eλ e :
Here is the gamma function. Note that in the case ν < 0 (cross section Q m (ε) decreasing with growth of ε) the expression derived does not contain ε ex . This result conforms to the similar finding of the work [4] mentioned in the appendix; in fact, the first line in equation (24) The escape factor corresponding to the intermediate-field limit of the Thomson-Loeb formula reads χ T L = 4V e /C e . Assuming that the distribution of emitted electrons is Maxwellian, one should setC e = √ 8kT /π m in the latter expression. To perform the comparison, one needs to first calculate the drift velocity in the stationary and spatially uniform case, V e , without account of energy losses in elastic collisions and with account of inelastic energy losses in the 'black wall' approximation. Dropping in equation (8) the first term in the first pair of square brackets on the right-hand side, the term S in , spatial derivatives, and integrating over ε, one finds df 0 dε
where C 1 is an arbitrary constant. This formula applies at ε < ε 0 ; df/dε = 0 at ε > ε 0 . Now one can evaluate n e , by means of performing integration by parts in equation (9), and J e , by means of equation (10) . The drift velocity may be evaluated as V e = J e /n e and reads
Setting in this expression Q m (ε) = aε ν , where ν > −3/2 (this condition is required for convergence of the integral) and evaluating the integral obtained, one finds for the escape factor corresponding to the intermediate-field limit of the ThomsonLoeb formula for thermionic emission
It is seen that the ratio χ (T ) T L /χ (T ) is of the order (kT /ε ex )
ν+1/2 at −3/2 < ν < 0 and of the order (kT /ε ex ) 1/2 at ν > 0. That is, the Thomson-Loeb formula overestimates the escape factor if ν < −1/2 and underestimates it if ν > −1/2. Note that at ν = −1/2 (the momentum transfer frequency independent of the electron energy) χ (T ) T L depends on T in the same way as χ (T ) ; however, χ
T L is three times larger than χ (T ) . This result conforms to the similar finding which follows from the work [4] as is mentioned in the appendix.
Electron-electron collisions were neglected in the above analysis while the electric field was treated as spatially uniform. These simplifications are justified if the length scale λ ex = ε ex /eE, on which the EDF is affected by inelastic collisions, is much smaller than λ ee = (n e Q ee ) −1 , the length of electron-electron collisions (here Q ee is the Coulomb cross section) and than L D , the characteristic length of variation of the electric field in the near-cathode region. The first condition, λ ex λ ee , limits from above the electron number density near the cathode: it should be n e eE/ε ex Q ee . The latter inequality may be re-written as
where n e has been replaced by 4j em /eC e . This inequality holds if the emission current is not too high. Note that the cross section Q ee depends strongly on the electron energy ε, so the value of Q ee at the characteristic energy of emitted electrons, ε 0 , may exceed Q ee at ε = ε ex by orders of magnitude. A reliable estimate for the upper boundary of j em is obtained if the maximal value of Q ee is taken, namely the one evaluated at ε = ε 0 . The second above-mentioned condition, λ ex L D , may be re-written as eEL D ε ex .
As an example, applicability of conditions (28) and (29) to thermionic cathodes of high-pressure mercury arc discharges is discussed in section 4.4.
Results and discussion
Calculating the escape factor
Replacing in equation (7) Aθ with χ, one obtains the following interpolation expression for the escape factor
This expression, jointly with equation (19) , allows one to evaluate the escape factor in the range of intermediate and high electric fields, E ε ex /eλ u . Note that in terms of the reduced electric field the latter inequality amounts to
It is of interest to compare equation (30) with similar formulae derived in [5, 6] . One of the differences between the present results and results [5] is the different structure of integrals, which can be interpreted as different ways of averaging over energy of emitted electrons. Another difference stems from different approximations used for account of inelastic energy losses. As far as numerical values are concerned, the escape factor given by equation (30) is not very different from that calculated using expressions obtained in [5] . The difference between the present results and results [6] is more substantial: for example, the escape factor for monoenergetic distribution of emitted electrons at intermediate electric fields, given by equation (20), is three times smaller than that calculated by means of the corresponding formula of [6] . Note that in [6] the same approximation is used for account of inelastic energy losses as in the present work; however, the boundary conditions at the cathode are different.
Escape factor for non-reflecting cathode surface
As an example, let us apply the above results to particular cases of Hg and Ar plasmas. The transport cross sections Q m (ε) for Hg and Ar will be taken from [13] and [1] , respectively. Note that parameter ρ for Ar is smaller than that for Hg (e.g. if ε 0 = 0.3 eV, then ρ ≈ 25 for Hg and ρ ≈ 5 for Ar); therefore, one should expect that the present theory provides for Hg a higher accuracy than for Ar. Estimates for mercury and argon, with the use of maximal values of Q m in the range ε < ε ex , show that the right-hand side of inequality (31) equals 24 Td for Hg and 9 Td for Ar. Therefore, results for Hg will be shown in the range E/n 30 Td and results for Ar in the range E/n 10 Td. (3) with the use of dependences of drift velocity V e on E/n for Hg and Ar given in [14] and [15] , respectively. In the case of Hg, where Q m (ε) decreases with growth of ε faster than ε −1/2 , the Thomson-Loeb formula gives values of f es larger than those obtained in the present work on the basis of a kinetic approach. In the case of Ar, where Q m (ε) increases with growth of ε, the opposite situation takes place.
According to equation (23), the ratio of the intermediatefield limit value of escape factor χ (T ) to the reduced electric field E/n for a given gas is a function of only one parameter, namely, the temperature of the cathode surface. In figure 3 this function is given for mercury. Note that the data shown in figure 3 are described with an error below 10% by the fit formula χ (T ) /(E/n) = 0.84T −0.743 (here T is in K, E/n is in Td). This formula, together with equation (30), allows one to readily evaluate the escape factor for thermionic emission from cathodes of high-pressure mercury lamps.
A comparison of the escape factor values for the monoenergetic distribution of emitted electrons in Ar calculated using equation (30), formulae from [5] and [6] , and obtained in the Monte Carlo simulations [9] is given in figure 4 . It is seen that the present results are close to those given by the expression obtained in [5] and agree with the Monte Carlo data, while the Thomson-Loeb formula underestimates and the expression of [6] substantially overestimates f es values.
Before proceeding to further comparison of the present results with results of Monte Carlo numerical simulations, it is desirable to introduce into the present theory an account of reflection of electrons from the cathode surface, an effect usually taken into account in Monte Carlo simulations. This is done in the next section.
Effect of reflection of electrons by the cathode surface
A simple formula that accounts for reflection can be derived on the basis of the assumption that the energy and angular distributions of emitted and reflected electrons are identical. Then J e and J − e for the case of a reflecting cathode are related in the same way as in the absence of reflection: where f es is the escape factor without reflection given by equations (30) and (19) . According to a definition of the reflection coefficient R, of J 
Eliminating from this equation J − e by means of equation (32) and solving for J e /J em , one finds for the escape factor on a reflecting cathode [7, 8] 
Note that the latter expression can be obtained also by summing contributions of electrons that escaped without reflection, those that escaped after having suffered one reflection, after having suffered two reflections, etc:
Equation (34) shows that reflection of electrons from the cathode increases the escape factor as it should. However, as it has been shown in [9] on the basis of Monte Carlo calculations of the escape factor for argon, the effect of reflection is weaker than that predicted by equation (34): escape factors at non-zero R are smaller than those given by equation (34). The possible reason may be the difference of angular distributions of emitted and reflected electrons. Electrons emitted normally to the cathode have higher escape probability than those emitted at small angles to the cathode surface (see, e.g. figure 6 of [9] ). Therefore, in comparison with the distribution of primary emitted electrons, the distribution of reflected electrons will be depleted of electrons moving nearly normally to the cathode. It follows that the escape factor for reflected electrons is smaller than that for emitted electrons. The escape factor for electrons that have suffered two reflections is still smaller, etc. An accurate calculation of the effect of reflections is a complex problem beyond the scope of this work. A simple approximate account of the decrease of escape factor of reflected electrons consists in a truncation of the series in equation (35), e.g. by keeping only the first two terms, corresponding to non-reflected electrons and those that have experienced only one reflection:
While overestimating the escape factor for electrons that have been reflected once, this formula does not account for the escape of electrons that suffered two or more reflections. In figure 5 the escape factor in argon is shown for the monoenergetic distribution of emitted electrons with the energy 1 eV. The data are given for both non-reflecting cathodes (R = 0) and reflecting cathodes (R = 0.6; this value is typical for metals at ε 0 about several tenths of electronvolts [7] ). It is seen that for non-reflecting cathodes the data given by equation (30) agree with those of Monte Carlo calculations [9] . For reflecting cathodes the escape factors given by equation (36) are closer to the Monte Carlo results than those given by equation (34).
In figure 6 the escape factor in argon is given, calculated at the reflection coefficient R = 0.6 for two kinds of energy distributions of emitted electrons, with the same mean energy: monoenergetic and Maxwellian distributions. Results are shown both of Monte Carlo calculations (figure 10 of [9] ) and those given by equation (36). It is seen that in the considered range of E/n the difference between Monte Carlo results and estimates of this work does not exceed 30%. The difference grows with decrease of E/n, probably because of the lack of account of energy losses in elastic electron-atom collisions in the present formulae.
A comparison of the ratio of escape factors at two values of the reflection coefficient, R = 0.6 and R = 0, given by equations (34) and (36), with Monte Carlo results [16] for molecular nitrogen is shown in figure 7 . As in the case of argon, equation (36) agrees better with Monte Carlo data than equation (34).
Escape factor for cathodes of high-pressure arc discharges
While dealing with cathodes of high-pressure arc discharges, it is convenient to represent the ratio θ = eEλ e /ε 0 as
where L D is thickness of the near-cathode space-charge sheath, U D is the sheath voltage and λ i is the mean free path of ions.
, the first factor on the right-hand side of this expression is of the order of unity. Assuming that U D varies between, say, 10 and 50 V and setting ε 0 = 0.3 eV, one finds that the second factor is of the order of 10 2 . The ratio λ i /L D characterizes the effect of collisions on motion of ions in the sheath. The ratio λ e /λ i is of the order of unity for Hg and of the order of 10 2 for Ar. It follows that in the cases where the sheath is collisionfree,
, θ is much larger than unity and, consequently, f es ≈ 1; in other words, all emitted electrons are swept by the electric field away from the cathode. θ may be comparable to unity and f es may be essentially different from unity only if the sheath is collision-dominated, λ i /L D 1. In arc discharges in atmospheric-pressure plasmas at arc currents of the order of one or several amperes the sheath is usually moderately collisional; hence f es ≈ 1. Conditions of a collision-dominated sheath may occur near current zero, where the sheath thickness may considerably increase, or under pressures much higher than 1 bar; note that the pressure in mercury arc lamps may reach 200 bar [17] . As an example, let us consider a thermionic cathode in a mercury plasma under the pressure 100 bar. λ e ≈ 0.3 × 10 −8 m under these conditions. Assuming E = 6 × 10 7 V m −1 (a value typical for the diffuse mode of current transfer to cathode; see figure 2(a) [18] ) and ε 0 = 0.3 eV, one finds θ ≈ 0.6. The flux of backscattered electrons cannot be discarded under such conditions. Let us check whether inequalities (28) and (29), ensuring the applicability of the present theory, are satisfied under the conditions of the latter example. Note that these inequalities for Hg may be somewhat relaxed: the cross section Q m (ε) decreases in the range ε 0.7 eV and the contribution of the interval 0.3 ε 2 eV to the integral over ε in equation (19) exceeds the contribution of the interval 2 eV ε ε ex by the factor of 5. Hence, the escape factor for Hg in the range of intermediate electric fields is determined to a first approximation by a solution in the region ε 2 eV, and it is appropriate to replace ε ex in inequalities (28) and (29) by 2 eV. Setting p = 100 bar, T = 3000 K and E/n = 24 Td (the latter value corresponds to the lower boundary of the range of intermediate electric fields for Hg), one finds that the righthand side of inequality (28) with ε ex replaced by 2 eV equals 2 × 10 8 A m −2 . This value is well above current densities typical for the diffuse discharge. One can conclude that the inequality (28) is satisfied in the whole range of intermediate and high electric fields, in which the present theory is valid.
The characteristic length of variation of the electric field in the near-cathode region of high-pressure arc discharges is represented by the thickness of the near-cathode space-charge sheath. Replacing in (29) EL D with U D and ε ex with 2 eV, one arrives at the inequality U D 2 V, which is always satisfied.
Conclusions
The kinetic equation for the isotropic part of EDF in atomic gases with heavy atoms with low excitation energy is solved in the range of intermediate electric fields. With the use of this solution, a simple rational interpolation of the escape factor is constructed between two asymptotic limits, which are represented by the limit of intermediate electric fields and by the limit of high electric fields (where the escape factor tends to unity). This interpolation allows one to evaluate the escape factor in the whole range of intermediate to high electric fields, where dominating electron energy losses are due to inelastic electron-atom collisions. Normally, such asymptotic interpolations are rather accurate, and a comparison of the present results with results of Monte Carlo simulations for argon and nitrogen available in the literature shows that the present results are indeed accurate enough, both for nonreflecting and reflecting cathodes and also for monoenergetic and Maxwellian energy distributions of emitted electrons. Note that a similar comparison for neon and helium was performed in [19] , and a favourable agreement was found as well.
A comparison of the present results and/or results of Monte Carlo simulations for argon available in the literature with preceding theoretical results shows that results [5] are not very different from those of present work; the Thomson-Loeb formula and the results [6] are not confirmed.
Application of the obtained results to cathodes of highpressure arc discharges is considered. In the cases where the near-cathode space-charge sheath is collision-free or moderately collisional, the escape factor is close to unity: all emitted electrons are swept by the electric field away from the cathode. If the sheath is collision-dominated, the flux of backscattered electrons generally cannot be discarded and the escape factor may be different from unity. As an example of such a situation, the case is considered of plasmas of highpressure mercury arc lamps.
